Active removal of large de-commissioned satellites is critical to the continued use of many of Earth's orbits, as predicted by Donald J. Kessler in 1978. One solution to this problem is to use a tethered spacecraft system to capture and tow the highest risk debris to a disposal orbit. A significant technical challenge lies with the capture, and subsequent stabilization, of a large and possibly tumbling debris. This paper addresses the target attitude stabilization aspect of the capture process. The two systems analyzed consist of 1) the currently accepted tethered spacecraft system where a single tether joins the target and the active chaser spacecraft, and 2) a newly proposed tethered spacecraft configuration that consists of a single tether attached to the active chaser spacecraft, which branches into four sub-tethers attached to the debris. An orbital environment is simulated, including gravity gradient torques. Incorporating the thrust ability of the chaser and exploiting the visco-elastic properties of the tethers, it is shown through numerical simulations that the proposed novel tethered spacecraft configuration provides an improved means of controlling the attitude of an uncooperative debris.
I. Introduction
The density of Earth-orbiting debris has increased dramatically over the last decade. The highest risk debris are the largest (e.g., uncooperative decommissioned satellites), which, in the event of a collision have the potential to create many additional debris. It is foreseen that if the number of debris keeps increasing with the current growth rate, this will rapidly lead to an exponential growth in collisions, thereby reducing the availability of some orbits due to the higher risk of collision with orbiting space debris. This is referred to as the Kessler Syndrome. 1 In this context, controlling the growth of the large space debris population is a high-priority task of the world's major space agencies. A notable example is the e.Deorbit mission in development by the European Space Agency under its Clean Space initiative.
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To address this contemporary problem, several space debris mitigation approaches were recently proposed, such as capturing an uncooperative target with a harpoon, 3 a mechanical arm, 4 or a net. 5 An interesting deorbiting method is via electrodynamic tether. 6 This technique passively conducts current through a radial tether, which, through interaction with the geomagnetic field, produces a deorbiting thrust. This is a simple and reliable method for deorbiting a debris, and is currently under development. Another one of the most promising solutions consists of creating a tethered spacecraft system (TSS), i.e., an active chaser spacecraft capturing and deorbiting an uncooperative, and possibly spinning, target spacecraft (i.e., a space debris) using a viscous-elastic tether. 7 There are multiple techniques for establishing the TSS. Most notably, 1) deploying a net over the target which is tethered back to the chaser, or 2) launching a harpoon towards the target, that is tethered back to the chaser. Tethered spacecraft systems have the benefit of long deployment range and reduced mechanical complexity over that of a rigid connection. However, the use of tethered spacecraft systems to remove space debris from populated orbits involves several technical challenges. Those challenges are mostly related to the structural flexibility of the tether coupled with the large angular velocities of space debris that may exceed 30 rotations per minute. 8 For this reason, controlling the relative dynamics of the chaser spacecraft with respect to the target spacecraft, in such a way that the flexible tether reduces the angular momentum of the debris as much as possible, is critical to ensuring the success of the TSS debris-removal technological solution. Indeed, only once the angular momentum of the debris is regulated, can the chaser safely maneuver without risk of collision.
Tethered spacecraft systems are fairly common and are extensively used for extravehicular activity (EVA) and have been studied in depth.
9,10,11 A notable experiment is TSS-1R, 12 where a 20.7 km conductive tether with a spherical satellite on the end was reeled out of the Shuttle on STS-46. The goals were to test TSS models and determine the feasibility of TSS utilization in the future. However, in these studies, both objects, attached together by a tether, were treated as point masses. This is sufficient detail when each object has a means of controlling its own attitude (as is present during an EVA or most other applications). However, in the context of using one spacecraft to control a spinning and uncooperative space debris, a more detailed analysis on the attitude dynamics of the debris must be considered.
The effects a TSS has on an the attitude of an uncooperative target has only been recently studied. In Ref. 13 , a Lagrangian approach was taken to model the planar two-dimensional dynamics of a single tether on a rigid passive target. Numerical simulations were performed for various cases, which demonstrated that a tether is feasible for controlling a passive target. It was found that a slack tether should be avoided, as it can yield high amplitude oscillations of the target attitude about its equilibrium.
The same authors then performed a Lagrangian approach to model the TSS effects on a rigid target with flexible appendages in two-dimensions 14 and again in three-dimensions. 15 It was found that the tether material properties (i.e., stiffness) must be selected such that it does not generate TSS oscillations that coincide with the natural frequencies of the target spacecraft when the flexible appendages are deployed.
Aerodynamic torques on a large space debris were separately considered, 16 with the conclusion that aerodynamic torques can alter the stability of the target during the deorbiting period, especially near disposal orbit altitudes below 300 km.
More recently, Aslanov and Yudintsev further modeled the TSS using a three-dimensional Newtonian approach. 17 More representative effects such as orbital motion, gravity-gradient torques, and atmospheric drag were included in the simulations. Certain configurations were shown to lead to safe transportation, such as when the single tether is aligned with the thrust vector of the chaser. It was found that sufficient levels of thrust force are required from the chaser, and this level increases as the altitude of the TSS decreases due to the increasing effect of atmospheric drag. Most notably, it was determined that tether damping only slightly reduces the attitude oscillations of the passive satellite. As a result, the target spacecraft will most likely be oscillating during the deorbiting period, possibly leading to control difficulties for the chaser.
In this context, this paper proposes a novel tethered spacecraft configuration to significantly improve the attitude stabilization ability of the TSS. The novel approach is to implement four sub-tethers attached to the debris at various locations to increase its attitude stability. A three-dimensional Newtonian modeling approach is taken, and the effects of flexible appendages are not considered. Dynamics formulations and simulations are presented for both the single tether configuration, previously proposed by Aslanov and Yudintsev, 17 modeled as well as the novel sub-tether approach to demonstrate the improved target stabilization performance of the novel approach. Similar to Ref. 17 , orbital motion and gravity gradient torques are included.
The main contributions of this paper are: the presentation of a novel tethered spacecraft system concept where a main tether branches into four sub-tethers that are attached to the extremities of the target, the development of the equations of motion for the system that includes orbital motion, tether forces, and gravity gradient torques, and simulations demonstrating the improved target-stabilizing ability the novel tethered spacecraft system as compared to the previously-studied TSS models. This paper is organized as follows: Sec. II describes the approach taken to solve the dynamics problem, Sec. III presents a dynamics formulation for the sub-tether configuration, Sec. IV presents the dynamics for a single tether configuration, Sec. V demonstrates the improved performance of the approach using numerical simulations, and Sec. VI summarizes the results.
II. Approach
The currently accepted tethered spacecraft system consists of an active satellite (chaser) connected to a debris (target) via a visco-elastic tether. Figure 1a shows a typical, previously-studied, 7,13−16 configuration. A tether connects the chaser to an attachment point on the target. The proposed configuration is shown in Figure 1b , and has a tether attached to the chaser which branches into four smaller tethers that are attached to the target at various locations. The single tether leaving the chaser will be denoted as the main tether and the four tethers connecting the main tether to the target are denoted as sub-tethers. The point where the main tether splits into sub-tethers is denoted the junction. Similarly to Refs. 7 and 13-16, the tethers are modeled as massless single links (i.e., no torsion or bending effects). The single tether is assumed to be perfectly attached to the debris the center of the front panel, as shown in Figure 1a , and the sub-tethers are assumed to be perfectly attached to the extremities of the front panel the debris, as shown in Figure 1b . The approach taken herein is to use the spring-damper properties of the main tether and sub-tethers to regulate the angular momentum of an uncontrolled target, in a low-Earth orbit environment. The purpose of this paper is to demonstrate how the proposed novel TSS provides an improved stabilizing ability compared to the currently available approach.
III. Dynamics Formulation -Sub-Tether Configuration
Referring to Figure 1b , the reference frame F I represents an inertially fixed reference frame. The position of the target is described by position vector ⃗ r t , such that:
where, r t represents the three-dimensional components of the target center of mass vector in the inertially fixed reference frame F I . The junction and chaser are represented as point masses, their locations described by position vectors ⃗ r c and ⃗ r j , respectively, such that:
where r c and r j are the three-dimensional components of the chaser and junction vectors in the inertially fixed reference frame F I , respectively.
A. Attitude motion
Euler's equations of motion are used to describe the target angular rates in the target body-fixed reference frame F B , given by:
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where ω is the components of the angular rate vector in F B , and τ is the external torque applied to the target.
Assuming that the target body-fixed frame, F B , is aligned with the principal axis of the body, the target inertia matrix, denoted as J, is represented by:
where J xx , J yy , and J zz are the principal moments of inertia of the target debris. The attitude of the target is described by quaternion kinematics, given by:
where, q represents the quaternion describing the attitude of F B with respect to F I and is defined as:
where b is the axis of rotation and ϕ is the angle of rotation.
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The inverse square law of the gravitational field of the Earth creates perturbation torques on a body, that are significant in low-Earth orbit. The unequal gravitational force acting across the body leads to restoring torques on the spacecraft. 18 The effect is quantified through:
where τ g is the resulting gravity gradient torque components in F B , and r b t is the components of the target position vector expressed in F B , via r b t = A(q)r t . The rotation matrix A(q) represents a rotation from F I to F B , which is obtained from the quaternion through:
B. Translational Motion
To model the target, junction, and chaser linear motion, Newton's second law is used:
where F is the net inertial external force applied to the body, m is the mass of the body, and a is the inertial linear acceleration.
In the TSS shown in Figure 1b , the main tether and sub-tethers are generating external forces that are applied to each mass. The tether is modeled as a simple spring-damper system, as shown in 
where r i is the attachment point of the i th sub-tether to the target, with respect the the center of the target, in F B . Treating the linear spring and damper in parallel, the resultant tensile force magnitude developed by the i th sub-tether is:
where v j and v t are velocity components of the junction and target in F I , respectively. The tether material is assumed to have a linear spring constant, k, damping coefficient, c, and unstretched length L 0 . The gravitational force on an orbiting satellite is described by Newton's law of gravitation:
where µ is the gravitational parameter of the earth, m is the mass of the orbiting satellite, r is the components of the position vector of the orbiting satellite in F I , and F g is the resulting force vector components. Newton's law of gravitation applies to the chaser, junction, and target components of the TSS.
C. Equations of Motion
To properly model the motion, all forces contributing to translational motion are included in Eq. (10) for each body. The chaser and junction are treated as point masses, so the effects of external torques are modeled using Eq. (4) for the target only. The resulting net force on the target debris in F I is due to the four sub-tethers and the gravitational effects, and is given by:
Similarly, for the chaser spacecraft, with the addition of its own thrust force, F thrust
where, F m denotes the force magnitude present in the main tether and L m denotes its vector components. The junction experiences similar forces:
The torque imparted on the target is the sum of the four sub-tether contributions and the gravity gradient effects, given by:
which is defined in F B . To simulate the dynamics, Eqs. (14) to (17) are solved numerically with Eqs. (4) and (10).
IV. Dynamics Formulation -Single Tether Configuration
The dynamics equations for the single tether configuration are very similar to the sub-tether configuration. The major difference is the absence of the junction point, as shown in Figure 1 . Therefore, instead of Eq. (11), the tether vector components in F I becomes
Here, r is the single tether contact point on the target with respect to the centre of the target, as shown in Figure 1a . The force in the tether is:
The resulting forces and torques on each body are:
for the force on the target,
for the force on the chaser, and
for the torque on the target. The forces and torques in Eqs. (20) to (22) are solved numerically with Eqs. (4) and (10) in simulation.
V. Numerical Simulations
To determine the improved performance of the proposed novel tethered configuration to control the attitude of an uncooperative and spinning debris, numerical simulations were performed.
Seven cases are presented, comparing the target stabilization ability of the single tether configuration to the sub-tether configuration. The orbital elements for all simulations are listed in Table 1 . Table 2 . The differences between simulation cases are presented in the following subsections. The chaser is in an identical orbit as the target, but is behind the target by 30 meters, except for Cases 2 and 5, where is it behind by 27 meters. This separation distance is simulated by imparting a small difference in true anomaly for the chaser spacecraft. The simulations are performed using an Adams integration scheme over 6000 seconds (approximately one orbit), using a 1 second output time step. Output graphs show the resulting angular rates of the target as a function of time, to determine whether the target is effectively being controlled. The angle between the front-face-normal of the target and the single tether as a function of time, denoted θ as represented in Figure 3 , is also presented to show how close the attitude of the target is to its equilibrium point. The proposed sub-tether configuration uses a hypothetical single tether to calculate the angle, such that the two TSS solutions can be readily compared. The tether elongation as a function of time is presented to determine if tether oscillations are present. For consistency, the same tether and target parameters as in Ref. 17 are used.
Orbital Element
Value Semi-major axis 6871 km Eccentricity 0.001 Right ascension of the ascending node 20 deg Inclination 60 deg Argument of perigee 90 deg True anomaly 60 deg Each simulation has similar properties and initial conditions, shown in
A. Case 1
A debris is captured at t = 0 when it has initial angular rates of:
The debris is not captured perfectly, however. To simulate this, an initial tether angle of π/6 radians is applied such that the target is not facing the chaser upon capture. The chaser thrusts 20 N in the retrograde direction, and is initially 30 meters behind the target in the orbit such that all tethers are initially tight. This case shows that in the presence of a thrust force on the chaser, the angular rates of the target can be controlled. Figure 4a shows that sub-tether configuration damps the angular rates of the passive target much faster than the single tether configuration. It is interesting to note that neither configuration can control the angular rates about the y axis, due to the lack of a moment arm about the y axis, as defined in Figure 3 . This is a limitation of the TSS debris removal solution, in that it cannot control the angular rates of the target about the axis joining the chaser and the target. The angular rates in the x and z axes approach zero, but they do not reach zero. The nature of the sub-tether configuration leads to a non-zero angular separation between when one sub-tether becomes tight and when an opposite sub-tether becomes tight. Therefore, small scale oscillations are expected to be present in the long term. However, simulations modeling the effects of a target captured by a net have shown that the friction between the net and the target will, over time, reduce the angular rates further.
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Another measure of the performance of the TSS is to show the angle between the tether and its equilibrium position, as depicted in Figure 3 . The sub-tether configuration uses a hypothetical single tether to calculate said angle, such that the target orientation can be compared. The angle is initially at π/6 to simulate an imperfect capture process. Figure 4b shows that while the angle in the single tether case is decreasing over time, it does so very slowly compared to the sub-tether configuration angle. If the target is always facing the chaser (i.e., a low angle), there are multiple benefits. First, the target will have reduced oscillations. For a piece of debris that has been in orbit for an extended period of time, smaller oscillations may reduce the chance of break up. Second, the desired towing configuration is when the chaser is perfectly aligned with the chaser, 17 so the quicker this configuration can be obtained the more efficient the TSS debris removal solution will be. Figure 4c shows the tether elongation as a function of time. For the sub-tether scenario, the longest of the four sub-tethers (i.e., the one currently being stretched) is used in the calculation. Again, the sub-tether configuration outperforms the single tether scenario, with lower stretch amplitudes. This shows that there will be lower oscillatory forces in the tether over time. The tether stretch tends towards a constant positive value which is a result of the constant thrust force provided by the chaser.
B. Case 2
A debris is captured at t = 0, similar to Case 1. All initial conditions are identical except the chaser is initially 27 meters behind the target. The tethers are still 30 meters long, thereby creating an initial slackness in the tethers of 3 meters. As the chaser thrusts away from the target, there will be an initial jolt when the tethers becomes tight for the first time. Figure 5a shows how the angular rates become damped to their final values nearly as quickly to Case 1. Therefore, Case 2 shows that capturing the target with an initially slack tether leads to a safe stabilization and that the sub-tether TSS configuration is still a better solution to the stabilization of an uncooperative target. 
C. Case 3
Case 3 investigates the effects of a smaller 3 N thrust force from the chaser. This case considers a scenario where the chaser is towing the target with less thrust than was used during the stabilizing process. Here, the target is already facing the chaser, but is continues to have a spin about its minor (and uncontrollable) axis, of: Figure 6a shows that as perturbations act on the target, its angular rates about the x and z axes remain small and bounded with either configuration. Figure 6b shows how the tether angle is considerably lower for the sub-tether configuration than the single tether configuration, which allows the target to remain nearer its equilibrium position during the towing. The stretch for the sub-tether configuration, as shown in Figure 6c is constant for the sub-tether configuration. The single tether, however, develops oscillations due to the perturbations which result in slackness of the tether of up to 0.5 meters. Therefore, if the towing phase of the debris removal mission is planning on using a low-thrust engine, the sub-tether configuration is a better option as it keeps the target near its equilibrium position to ensure safe towing.
D. Case 4
Cases 4 -6 consider the likely possibility of target angular rates about all three axes. Initial angular rates of:
are used. This case has the target initially facing the chaser (i.e., zero tether angle), 20 N of thrust from the chaser, and 30 meters separation such that all tethers are initially tight. Figure 7 presents the results. This case is more severe than Cases 1-3 because the target is tumbling with angular rates about all three axes. Figure 7a shows how after one orbit, the angular rates of the target using the sub-tether configuration are significantly reduced compared to the single tether configuration. This is due to the placement of the sub-tether attachment points on the target. By attaching the sub-tethers to the target at its extremities where the relative velocities are highest, as shown in Figure 1b , the damping effect in the sub-tethers is better utilized. Since damping is the only mode of energy dissipation in the system, attaching sub-tethers to the points of highest relative velocity is a more effective method of dissipating the angular momentum of a tumbling debris.
E. Case 5
This case has the same initial conditions as Case 4 except the target is initially offset from the chaser with an angle of π/6 radians, and the tethers are initially 3 meters slack. Twenty Newtons of thrust is used. This represents one of the worst-case capture scenarios. That is, an imperfect capture with an initial tether angle of π/6 rads, an initially 3 meter slack tether, and a tumbling target with angular rates about all three axes. Figure 8 once again shows how the sub-tether configuration outperforms the single tether, even in a worst case capture scenario. Both the angular rates, the angular offset, and the tether elongation reach their steady state values much quicker than the single tether TSS, using the same amount of thrust. 
F. Case 6
Case 6 presents a different approach of controlling the attitude of the target without the use of thrust. Instead, the chaser is given an additional radial velocity of 2 m/s such that the TSS rotates about its centre of mass. The tethers are initially tight, and there is no initial tether angle. This demonstrates another mode for preventing collision and maintaining tension in the tethers sufficient for controlling the attitude of the debris. That is, to rotate the chaser and the debris around each other (i.e., rotating the TSS about its barycenter). Figure 9b shows how after one orbit the tether angle for the sub-tether configuration quickly stabilizes such that the target is very close to its equilibrium position. The single tether configuration has angles after one orbit of 2 radians, indicating very little control of the attitude of the target. The TSS is rotating about its barycentre, so instead of reducing the target angular rates to zero, they will be non-zero and predictable. The sub-tether configuration arrives at its steady state in approximately half an orbit, whereas the single tether configuration will require many more orbits before the barycentre rotation technique has stabilized the target.
As shown in Figure 9a , this case demonstrates another stable mode of motion after capture. That is, a controlled rotation rate along two axes (rather than attempting to bring them to near zero). This Figure 9c .
A significant advantage of this control technique is that it does not require any thrust other than that to initiate the spin. This may reduce the complexity of the angular momentum dissipation process.
G. Case 7
This case investigates the motion of the system when the target is already stabilized and the chaser is not using thrust. This simulation provides a sense of the natural tendencies of the system, and is useful when considering the long-term safety of the debris removal system. The simulated target has initially no angular rates or tether angle, the tethers are initially tight, and the chaser is passive. The simulation was performed over two orbits (12000 seconds). Simulation results, in Figure 10 , show that the relative motion between the chaser and the target that is induced by the orbital motion does not sustain enough tension in the tethers to maintain attitude control of the target. Gravity gradient perturbations are dominant and control of the target is lost. Tethers can possibly become tangled in this situation. The tethers became 15 meters slack, which indicates that a collision is possible. Neither TSS configuration maintained control of the target during this simulation, demonstrating the need for chaser control at all times.
VI. Conclusions
A novel Tethered Satellite System (TSS) where a main tether attached to the chaser branches into four sub-tethers that are attached to a tumbling passive satellite was proposed, analyzed and compared to the previously accepted TSS configuration that has a single tether joining the two spacecraft. An orbital environment was simulated, and included orbital motion and gravity gradient torques. Seven simulation cases were performed, each demonstrating a different capture scenario, for both the sub-tether TSS and the single tether TSS.
Cases 1-5 used thrust on the chaser spacecraft to thrust in the opposite direction to the target. In these scenarios, the thrust maintained sufficient tension in the tethers to prevent collision and regulate the angular momentum of the target. After one orbit, the resulting motion of the sub-tether TSS and the single tether TSS was compared. In these five cases, the sub-tether configuration lead to a nearly stabilized target (i.e., low transverse angular rates, and a low tether angle), ideal for transporting the target to its disposal orbit. The single tether configuration, however, did not. After one orbit, the angular rates and tether angle were still large. Attempting to transport an un-stabilized target will result in control difficulties for the chaser, and in turn, require more fuel and a more expensive mission. Cases 1-5 shows that all else being equal, the novel sub-tether TSS proposed in this paper always leads to a significantly more stable target than the single tether configuration.
Case 6 demonstrated a capture scenario where the TSS is spun around its barycentre. The goal is to use the centripetal force generated in the tethers to stabilize the target, rather than use thrust on the chaser to achieve the same effect. Again, the sub-tether configuration leads to a more stable target in the same amount of time than the single tether configuration. It was demonstrated that capturing a debris in this manner could quickly stabilize a target and not require any fuel, other than that to initiate the spin.
Case 7 showed that a passive chaser should be avoided, as a collision or tether tangling could readily occur for either configuration. If a passive, safe, long-term configuration is desirable, it is recommended to initiate a barycentre rotation.
An important result from all the simulation cases is the angular momentum along the main tether axis (i.e., the y axis as shown in Figure 3 ) cannot be controlled, no matter what TSS configuration is used. This is due to the lack of a moment arm about this axis and the flexible nature of the tether material. If a mission were being designed to capture a tumbling debris, this result indicates that the debris should be approached along its axis of least angular momentum.
Future work will focus on the inclusion of the frictional effects between the target and the net, and experimentation to determine realistic tether damping coefficients. To validate the dynamics simulation results, three degree-of-freedom experiments using free-floating air-bearing spacecraft platforms maneuvering on a large granite surface at the Spacecraft Robotics and Control Laboratory at Carleton University will be performed.
